In this paper, the problem of asymptotic stability analysis for a class of linear large-scale systems with time delay in the state of each subsystem as well as in the interconnections is addressed in detail. By utilizing a model transformation and the Lyapunov stability theory, a delay-dependent criterion for stability analysis of the systems is derived in terms of some certain linear matrix inequalities (LMIs). A numerical example is given to illustrate that the proposed result is effective.
LMI-Based Stability Criteria for Large-Scale Time-Delay Systems

Introduction
In the large-scale dynamical system, time delay naturally arises in the processing of information transmission between subsystems and its existence is frequently the main cause source of instability and oscillation in many important systems. Many practical control applications can be often encountered including electrical power systems, nuclear reactors, chemical process control systems, transportation systems, computer communication, economic systems, etc. In the recent years, the problem of stability analysis for large-scale systems with or without time delay has been extensively studied by a number of authors: see, for example, Refs. (3) - (12) . Moreover, by depending on whether the stability criterion itself contains the delay argument as a parameter, stability criteria for systems can be usually classified into two categories, namely delay-independent criterion: see, for example, Refs. (3) - (6), (8) , (11) , (12) and delay-dependent criterion: see, for example, Ref. (10) . In general, the latter ones are less conservative than the former ones.
However, to the best author's knowledge, few papers are considered to derive the delay-dependent and delayindependent stability criteria for a class of large-scale time-delay systems. Hence, we consider the following large-scale time-delay systems, which is composed of N interconnected subsystems S i , i ∈ N. Each subsystem S i , i ∈ N, is described as
where t is the time, x i (t) is the state of each subsystem S i , i ∈ N, and A i , A ij , i, j ∈ N, are known constant matrices with the appropriate dimensions, and h ij , i, j ∈ N, are nonnegative time delays in the state of each subsystems as well as in the interconnections. The initial condition for each subsystem is given by
where θ i (t), i ∈ N, is a continuous function on [−H, 0]. In this paper, delay-independent and delay-dependent criteria for such systems can be derived to guarantee the asymptotic stability for large-scale systems with time delay in the state of each subsystem as well as in the interconnections. Appropriate model transformation of nominal original systems is useful for the stabilty analysis of the systems, and some tuning parameters which satisfy constraint on the LMIs can be easily obtained by the LMI technique. A numerical example is given to illustrate that the proposed result is useful.
The notation used throughout this paper is as follows. We denote the set of all nonnegative real numbers by + , the transpose of matrix A (resp., vector x) by A T (resp. x T ), the symmetric positive (resp., negative) definite by A > 0 (resp. A < 0). We denote identity matrix by I and the set N by {1,2,···, N}.
Stability Analysis
Before we develop a delay-dependent stability criterion, we give the model transformation and some lemmas which are necessary to derive the following results.
An important model transformation is constructed for large-scale time-delay systems of the form: (2) where B ij , i, j ∈ N, are some matrices such that the matrix
For a given scalar δ ij satisfying 0 < δ ij < 1, the operator L i (x t ) is stable if a positive definite symmetric matrix Q ij exists such that the following LMI holds:
where C 0 is a continuous function and
Lemma 2:
(1
The LMI
where
T , and S (y) depend affinely on y.
Now, we present a flexible delay-dependent result for asymptotic stability of system (1). Lemma 3:
If there exist symmetric and positive definite matrices
such that the following LMI conditions hold:
wherȇ
,
Furthermore, assume that B ij = P 
From Lemma 2, the condition (4) is equivalent to the following result
where h denotes {h ij , i, j ∈ N}, and
The Lyapunov functionals is given by
) is a legitimate Lyapunov functional candidate. The time derivatives of V i (x t ), i = 3, along the trajectories of the system (2) is given bẏ
It is known fact that for any x,y ∈ n and Z ∈ n×n > 0, the inequality 2x
T y ≤ x T Zx + y T Z −1 y is true, we havė
Then, the derivative of V(x t ) satisfieṡ
Assume that there exist symmetric and positive definite matrices X ijk , Y ijk , i, j,k ∈ N, such that the following inequalities are satisfied
and
Pre-and post-multiplying both sides of (9) and (10) 
with the equality manipulation, we obtain
, and
By using Lemma 2, it follows that
Thus, we havė
T . By Lemma 1, the condition (3) implies that the operator (2) with Eqs. (7) - (11), we conclude that systems (1) and (2) are both asymptotically stable for any constant time delays h ij satisfying 0 ≤ h ij ≤ h ij , i, j ∈ N.
Remark 1:
Notice that for any chosen matrix
represents that the delay term B ij t t−h ij x j (s)ds, i, j ∈ N have not been converted to the left side of the system (2). By the above Lemma 3, the corresponding matrices R ij , T ijk , and W ijk , i, j,k ∈ N could be chosen as zero matrices, and LMI the condition in Eq. (4) are reduced by their corresponding elements. Letting B ij = 0, i, j ∈ N, in Lemma 3, we achieve the following result that doesn't depend on delay arguments. Theorem 1:
The system (1) is asymptotically stable with h ij ∈ + , i, j ∈ N, provided that A i is Hurwitz, and there exist P i , and V ij , i, j ∈ N, such that the following LMI condition holds:
Proof: The proof directly follows that the proof of Lemma 3 with B ij = 0, i, j ∈ N.
Remark 2:
Suppose that for any chosen matrix
it represents that the delay term A ij
have been converted to the left side of the system (2) . By the proof of Lemma 3, the corresponding matrices V ij , and W ijk , i, j,k ∈ N could be chosen as zero matrices, and LMI the condition in Eq. (4) are reduced by their corresponding elements. Simply choosing B ij = A ij , i, j ∈ N, in Lemma 3, we achieve the following result that depend on delay arguments. Theorem 2:
The system (1) is asymptotically stable for any constant time delays h ij satisfying 0 ≤ h ij ≤ h ij , i, j ∈ N. Provided thatÂ i = A i + A ii is Hurwitz and there exist symmetric positive definite matrices P i , R ij , and T ijk , i, j,k ∈ N, satisfying the following LMI condition holds: 
